The biofilm-forming bacterium Myxococcus xanthus moves on surfaces as structured swarms utilizing type IV pili-dependent social (S) motility. In contrast to isolated cells that reverse their moving direction frequently, individual cells within swarms rarely reverse. The regulatory mechanisms that inhibit cellular reversal and promote the formation of swarms are not well understood. Here we show that exopolysaccharides (EPS), the major extracellular components of M. xanthus swarms, inhibit cellular reversal in a concentration-dependent manner. Thus, individual wild-type cells reverse less frequently in swarms due to high local EPS concentrations. In contrast, cells defective in EPS production hyper-reverse their moving direction and show severe defects in Smotility. Surprisingly, S-motility and wild-type reversal frequency are restored in double mutants that are defective in both EPS production and the Frz chemosensory system, indicating that EPS regulates cellular reversal in parallel to the Frz pathway. Here we clarify that besides functioning as the structural scaffold in biofilms, EPS is a self-produced signal that coordinates the group motion of the social bacterium M. xanthus.
Introduction
Biofilms are organized bacterial communities held together by extracellular matrixes (ECM). ECM facilitates cell-cell communication and creates microenvironments within the host, allowing bacteria to evade immune responses and to resist traditional antibiotic treatments. ECM accounts for over 90% of the dry mass of mature biofilms, containing exopolysaccharides (EPS), proteins, nucleic acids and lipids (Flemming and Wingender, 2010) .
Exopolysaccharides, the major fraction of ECM, form polymeric networks that provide essential structural support and surface adhesion for biofilms (Berk et al., 2012) . ECM of the soil bacterium Myxococcus xanthus contains EPS (55%), proteins (45%) and a small amount of lipids and extracellular DNA (Curtis et al., 2007; Behmlander and Dworkin, 1994; Hu et al., 2012a; Gloag et al., 2016) . M. xanthus EPS is composed of various monosaccharides including glucose, rhamnose, mannose and N-acetyl glucosamine (Behmlander and Dworkin, 1994; Gibiansky et al., 2013) .
Myxococcus xanthus cells aggregate and initiate fruiting body formation in response to a decrease of available nutrients. Fruiting bodies are specialized biofilms that contain 10 5 210 7 spores . During this fruiting process, EPS facilitates cell agglutination and alignment and constitutes the extracellular structures in mature fruiting bodies (Shimkets, 1986; Lux et al., 2004; Berleman et al., 2016) . Mutants defective in EPS production fail to form fruiting bodies although they still produce spores (Shimkets, 1986) . Proteins encoded by the eps locus (epsA-epsZ) control the biosynthesis of EPS. For example, the epsZ gene is essential for polysaccharide export and encodes a sugar transferase homologous to Escherichia coli WcaJ, Salmonella WbaP, Vibrio CpsA, Xanthomonas GumD and Group B Streptococcus CpsE (Berleman et al., 2016) . Disruption of epsZ abolishes EPS production and fruiting body formation (Lu et al., 2005; Berleman et al., 2011; Berleman et al., 2016) . In addition to the eps locus, the exo locus (exoA-exoI) encodes homologs of the Wzy-like polysaccharide export proteins which are important for the synthesis of EPS in spore coat, while the nfs locus (nfsA-nfsH) is required for the efficient assembly of EPS spore coat (Muller et al., 2010; Muller et al., 2012; Wartel et al., 2013; Holkenbrink et al., 2014) .
Exopolysaccharide is not simply an inert structural component in biofilms, but rather a dynamic extracellular network that organizes individual bacterial cells into multicellular organisms (Claessen et al., 2014; Persat et al., 2015; O'Toole and Wong, 2016) . M. xanthus EPS plays important roles in many aspects of cell survival, such as motility, biofilm and fruiting body formation, stress responses, and signal transduction (Kearns et al., 2000; Lu et al., 2005; Hu et al., 2012b) . Despite extensive research on structural and chemical aspects, the regulatory functions of EPS remained largely uncharacterized. For bacteria that are motile on surfaces, such as M. xanthus and Pseudomonas aeruginosa, EPS plays important roles in motility by supporting the function of type IV pili (Maier and Wong, 2015; Lu et al., 2005; O'Toole and Wong, 2016) . For example, P. aeruginosa cells deposit EPS trails when exploring new surface areas. These trails become preferred routes for other cells, which in turn secrete more EPS. This 'rich-getricher' feedback results in ever-higher local EPS concentrations that may recruit more cells that ultimately constitute a biofilm (Zhao et al., 2013) .
Myxococcus xanthus possesses two distinct surface motility systems, social (S) motility and gliding (adventurous or A) motility . Proton channels homologous to the E. coli flagella stator complexes power A-motility by moving along helical tracks (Sun et al., 2011; Nan et al., 2013; Nan and Zusman, 2016) . In contrast, S-motility depends on the extrusion and retraction of type IV pili from cell poles, similar to the twitching motility in Pseudomonas and Neisseria (Wu and Kaiser, 1995; Chang et al., 2016) . A-motility is more efficient on harder surfaces (e.g., 1.5-2% agar) and contributes more to the movement of individual cells, while S-motility is predominant on soft surfaces (e.g., 0.3-0.5% agar), playing a major role in the movements of both cell groups and isolated cells (Shi and Zusman, 1993) .
The functions of EPS in M. xanthus S-motility have been studied extensively. The current model suggests that EPS supports S-motility by providing anchors for type IV pili. Many lines of evidence support this model. First, some EPS 2 mutants produce normal pili but fail to move efficiently with S-motility (Lu et al., 2005) . Second, EPS binds to pili directly and triggers pili retraction (Li et al., 2003; Hu et al., 2012c) . Third, pili assembly and EPS production are mutually regulated (Yang et al., 2010; Li et al., 2003) . Fourth, M. xanthus cells, like P. aeruginosa, also show trail-following behaviors Gloag et al., 2016) . Fifth, in a recent report, Berleman et al. found that EPS forms honeycomb-like microchannels that facilitate S-motility and biofilm formation by aligning individual cells (Berleman et al., 2016) . Myxococcus xanthus cells reverse their direction of movement occasionally. Both S-and A-motility systems are under the control of the Frz chemosensory pathway, which regulates the frequency of cellular reversals (Kaimer et al., 2012 (Bustamante et al., 2004) . Isolated cells reverse their moving direction frequently while exploring new territories. In contrast, the cells moving within large swarms using S-motility reverse their moving direction at reduced frequencies (Shi et al., 1996) . Once cells form swarms (nascent biofilms), the reversal frequency of individual cells decreases as swarms grow larger (Shi et al., 1996) . However, the mechanism by which cells inhibit reversals in response to swarm size is still unknown.
In this study, we show that EPS facilitates S-motility spreading by inhibiting the reversal of individual cells in a concentration-dependent manner. Deletion of the epsZ gene causes hyper cellular reversals in both S-and Amotility systems. We also provide evidence that EPS and the Frz chemosensory pathway coregulate cellular reversals. While the frz lof mutants rarely reverse, the epsZ frz lof double mutants surprisingly show restored reversals and S-motility spreading. We found that wildtype cells reversed less frequently as the swarm size increases, while the epsZ cells hyper-reversed regardless of the swarm size. We propose that swarms produce higher local EPS concentrations that in turn inhibit cellular reversals and prevent cells from leaving the swarms. Our findings support a positive EPS feedback that promotes S-motility.
Results

EPS is dispensable for S-motility
Previous reports showed that disrupting epsZ by plasmid insertion mutagenesis was sufficient to block EPS production (Lu et al., 2005; Berleman et al., 2011; Berleman et al., 2016) . To study the function of EPS and to facilitate the construction of double and triple mutants, we constructed an in-frame deletion of the epsZ gene. Cells carrying the epsZ in-frame deletion failed to produce EPS and did not bind to Trypan blue, an EPS binding dye (Fig. 1) . To quantify EPS production, we grew wild-type and epsZ cells on an agar surface and purified EPS from biofilms. During the purification process, insoluble fragments were removed and proteins were eliminated by sodium dodecyl sulfate (SDS) in the repetitive washing steps. Finally, the EPS fractions were enriched by precipitation (Berleman et al., 2011) . We quantified the carbohydrate moieties in the purified EPS using a phenol-sulfuric acid assay (Fournier, 2001 ). According to our calculation, after a 48 h growth on agar surfaces at 328C, the EPS produced by each wild-type cell contained 5.41 6 0.75 310 214 g carbohydrates. In contrast, we were not able to detect EPS from the epsZ cells. We then studied S-motility by measuring colony expansion on 0.5% agar surface. Observed by differential interference contrast (DIC) microscopy, pilA cells that were unable to move by S-motility due to the absence of pili did not show any movement on 0.5% agar surface despite its functional A-motility machinery (Movie S1). Our observation confirms that A-motility is not functional on 0.5% agar surfaces, consistent with a previous report that on such agar surfaces, M. xanthus cells moved by S-motility while the contribution of Amotility to colony expansion was negligible (Shi and Zusman, 1993) . As shown in Fig. 2A , expansion of the epsZ colonies was dramatically reduced compared to the wild-type strain, indicating low S-motility spreading. We further quantified S-motility by calculating colony expansion after 5 days of incubation (diameter increase, gray bars in Fig. 2B ). As shown in Fig. 2B , the colony expansion of the epsZ cells was reduced to about 40% of the wild-type level. Since plasmid insertion (epsZ::kan) and in-frame deletion of the epsZ gene produced indistinguishable phenotypes in both motility and EPS production (Figs 1 and 2) , we used plasmid insertion to simplify the construction of part of our double mutants (Table 1) . In contrast to the epsZ mutants, strains carrying disruptions in the exo and nfs loci, which are involved in the synthesis and assembly of EPS in the spore coat, were indistinguishable to the wild-type strain in both Trypan blue binding and colony expansion (Figs 1 and 2) .
Despite reduced S-motility, we noticed that the expansion of the epsZ colonies was still 89% higher than that of the pilA strain (Fig. 2) . Moreover, epsZ cells produce pilin at wild-type level (Fig. 3A) . Using electron microscopy, we found that pili protruded from single-cell poles in both wildtype and epsZ cells (Fig. 3C) . We stained the type IV pili in both wild-type and epsZ cells with fluorescent dye and observed pili retraction using total internal reflection fluorescence microscopy (TIRF). As shown in Fig. 3D and Movies S4 and S5, active pili retraction was observed in both genetic backgrounds. In addition, we investigated the production of lipopolysaccharide O-antigen and the extracellular protein FibA in epsZ cells, which could influence Smotility directly or indirectly (Gill et al., 1985; Bowden and Kaplan, 1998) . Our results showed that epsZ cells produced both components at wild-type levels (Fig. 3A) . Moreover, wild-type and epsZ cells showed similar growth rates (Fig. 3B) , which further excluded the possibility that the defects in S-motility of epsZ cells were due to slow growth or disrupted cell envelope.
We recorded S-motility of epsZ cells using DIC microscopy on a 0.5% agar surface. As shown in Movie S2, epsZ cells showed active movements, indicating that these cells were still able to move by S-motility, although colony spreading was reduced. To further confirm the S-motility of epsZ cells, we disrupted the pilA gene in the epsZ background. Colony expansion of the epsZ pilA strain was indistinguishable to that of the pilA strain (Fig. 2) , and epsZ pilA cells were not able to move on 0.5% agar (Movie S3), confirming that Smotility accounts for most of the expansion of the epsZ colonies. Importantly, we also noticed that epsZ cells were able to reverse their moving direction (Movie S2). Taken together, our data indicate that cells are able to move by S-motility in the absence of EPS.
epsZ cells hyper-reverse with both S-and A-motility
Since the hyper-reversing frzCD C strain shows dramatic reduction in colony expansion on 0.5% agar (Bustamante et al., 2004) , a phenotype similar to that of the epsZ strain, we examined the reversal frequency of the epsZ cells. We spotted cells on 0.5% agar surfaces and recorded the frequency of cellular reversals. On average, each wild-type cell reversed once every 28.6 min (0.04 6 0.01 min 21 ). In contrast, epsZ cells reversed 277% more frequently (once every 7.6 min, 0.13 6 0.01 min 21 ) (Fig. 4A ). To further confirm that lack of EPS causes hyper-reversing during S-motility, we disrupted the function of the A-motility engine by deleting aglS, the gene that encodes a MotB homolog in the gliding motor Sun et al., 2011) . On a 0.5% agar surface, aglS epsZ cells reversed once every 7.6 min (0.14 6 0.01 min 21 ), also significantly higher than the aglS cells (once every 29.7 min, 0.03 6 0.01 min 21 ) (Fig. 4B ). Our data therefore indicate that the hyperreversing behavior of the epsZ cells accounts for their impaired colony expansion mediated by S-motility. To investigate if the deletion of epsZ also causes hyper-reversing during A-motility, we measured the reversal frequency of the nonpiliated epsZ pilA cells on 1.5% agar. As shown in Fig. 4B , epsZ pilA cells reversed once every 5.4 min (0.19 6 0.01 min 21 ), significantly higher than the reversal frequency of the pilA strain (once every 24.3 min, 0.04 6 0.01 min 21 ). Taken together, our data provide strong evidence that epsZ cells hyper-reverse with both A-and S-motility.
We noticed that when the same batch of wild-type cells was spotted on 0.5% and 1.5% agar surfaces, significantly more reversals were recorded on 1.5% agar (Fig. 4) . This discrepancy could arise from either agar concentrations or the functions of motility machineries (while S-motility is functional on both agar concentrations, A-motility is only functional on 1.5% agar). To investigate which factor has greater influence on cellular reversal, we studied the reversal frequency of aglS cells on 1.5% agar and found that aglS cells reversed once every 29.7 min (0.03 6 0.01 min 21 ), similar to the reversal frequency of wild-type cells on 0.5% agar (where only S-motility is functional, Fig. 4B ). A previous report showed that while retaining S-motility at the wild-type level, aglS cells are not able to move by A-motility (Sun et al., 2011) . Thus, cells moving by S-motility reversed at similar frequencies on 0.5 and 1.5% agar surfaces, indicating that the concentration of agar is not a major factor that regulates cellular reversals. Considering the reversal frequency of A-motility (0.04 6 0.01 min 21 , calculated from the nonpiliated pilA cells on 1.5% agar) (Fig. 4B) , wild-type cells that move on the surface of 1.5% agar using both S-and A-motility reversed significantly more frequently (once every 7.7 min, 0.13 6 0.01 min 21 ) than the cells that moved with only A-motility (pilA cells) or S-motility (aglS cells) (Fig. 4B , see Discussion).
EPS inhibits cellular reversals in a concentrationdependent manner
To avoid the interference of cell-cell contacts and to quantify the effects of EPS on the reversal of individual cells, we premixed epsZ cells with purified EPS and studied the reversal frequency of isolated cells on 0.5% agar surfaces. As shown in Fig. 5A (Fig. 5B) . By contrast, when methylcellulose was added at 10-fold of wild-type EPS concentration, the reversal of epsZ cells was completely inhibited (Fig. 5B) . Thus, methylcellulose displayed concentrationdependent inhibitory effects on cellular reversals similar to that of purified EPS. Taken together, our data indicate that local EPS concentration is a major factor that inhibits cellular reversals.
epsZ frz lof double mutants display restored spreading by S-motility
The Frz chemosensory pathway is a major regulator of cellular reversal. To determine whether EPS regulates cellular reversal through the Frz pathway, we constructed a series of epsZ frz lof and epsZ frz gof double mutants by deleting epsZ in the frz lof (frzA, frzB, frzE, frzCD and frzZ) and frz gof (frzCD C ) backgrounds. To our surprise, colony expansion of the epsZ frz lof mutants on 0.5% agar was similar to the wild type, indicating restored S-motility spreading (Fig. 2) . In contrast, the epsZ frz gof mutant (epsZ frzCD C ) still showed significantly reduced colony expansion (Fig. 2) . To confirm that the recovered colony spreading of the epsZ frz lof strains was due to S-motility, we examined strains with disrupted pilA genes. As expected, colony expansion of the frzZ epsZ pilA triple mutant was indistinguishable to that of the pilA control. These results confirmed that the restored colony expansion was due to S-motility, rather than increased growth or A-motility.
However, the epsZ frz lof mutant colonies showed a distinct morphology: the colonies lacked 'branched' patterns at the colony edges that are seen in the wild type ( Fig. 2A, insets) . This observation is consistent with the finding that branch structures within M. xanthus swarms are enabled by EPS microchannels that align individual cells during migration (Berleman et al., 2016) . To investigate the possibility that the restored colony expansion of the epsZ frz lof mutants was due to recovered EPS production, we examined their EPS production using Trypan blue. Our results showed that these double mutants were still unable to produce EPS, as evidenced by the lack of Trypan blue binding (Fig. 1) .
Purified EPS enhances the S-motility of epsZ cells
We hypothesized that if EPS functions as a regulator of cellular reversals, adding purified EPS to epsZ and epsZ frz lof colonies should produce opposite phenotypes. EPS should complement the S-motility defect of the epsZ cells. On the contrary, adding EPS to the epsZ frz lof double mutants should mimic the frz lof phenotype. To test this hypothesis, we inoculated 3 ll of epsZ and epsZ frzZ cells (4 3 10 8 cells ml 21 ) on 0.5% CYE agar and added 3 ll of EPS at the wild-type concentration (12 lg ml 21 ) and 3 ll of buffer control on opposite sides of the inoculums (Fig. 6) . We allowed the liquid droplets to dry and recorded the patterns of colony expansion after 48 h incubation. Consistent with a previous report (Berleman et al., 2011) , when epsZ cells migrated outward, colony expansion increased dramatically in the region coated with EPS, indicating that purified EPS restored S-motility in the EPS 2 cells. As a control, colony expansion remained low where only buffer was deposited (Fig. 6) . By contrast, the epsZ frzZ colony showed an opposite colony expansion pattern: cells moved outward efficiently on the buffer-coated region while the colony expansion stalled when cells contacted EPS (Fig. 6 ). The epsZ pilA colony did not change expansion pattern on either EPS or buffer-coated surfaces (Fig. 6 ). Taken together, our data are consistent with the conclusion that EPS functions as an extracellular signal that inhibits cellular reversal.
EPS coregulates cell reversals with the Frz chemosensory pathway
We measured the reversal frequencies of epsZ frzZ, one of the epsZ frz lof mutants, and epsZ frzCD C , the epsZ frz gof mutant on 0.5% agar. The epsZ frzZ cell reversed once every 36.4 min (0.03 6 0.01 min 21 ), close to the wild-type level, consistent with the recovered spreading by S-motility (Fig. 4A ). Comparing to the hyper-reversing frzCD C cells (0.32 6 0.01 min
21
), epsZ frzCD C cells reversed at an even higher frequency (0.38 6 0.02 min 21 ). Importantly, deletion of epsZ increased the reversal frequencies in both the frz lof (frzZ) and frz gof (frzCD C ) backgrounds (Fig. 4A ). Taken together, the effects of epsZ and frz deletions on reversal frequency were additive, rather than epistatic, indicating that EPS and the Frz system coregulate cellular reversals in parallel pathways. In order to further confirm that EPS regulates cellular reversal through a pathway that is parallel to the Frz system, we investigated if cells still respond to EPS signals when the Frz pathway is blocked. We premixed epsZ frzZ cells with purified EPS at different concentrations and studied their reversal frequency on 0.5% agar. As shown in Fig. 5C , epsZ frzZ cells reversed less A. epsZ cells moving by S-motility hyper reverse on 0.5% CYE agar. B. EPS also regulates cellular reversals during A-motility on 1.5% CYE agar. The central rectangle of each box plot spans the second and third quartile, while the whiskers above and below the box show the locations of the minimum and maximum. The circle and bar inside each rectangle annotate the average and median respectively. p values were calculated using the Student's paired t test with a two-tailed distribution (same below).
Fig. 5. Exopolysaccharides regulate cellular reversal in a concentration-dependent manner.
A. Purified EPS were added to epsZ cells at different concentrations. The EPS concentration of wild-type cells was set as 13 (12 lg ml 21 for a cell concentration of 4 3 10 8 cells ml
21
) and the reversals of individual epsZ cells within 20 min were plotted as a function of EPS concentration. B. Methylcellulose also showed concentration-dependent inhibition on cellular reversals, similar to that of EPS. Here the methylcellulose concentration of 12 lg ml 21 was set as 13 for a cell concentration of 4 3 10 8 cells ml 21 . C. Purified EPS reduces the reversal frequency of epsZ frzZ cells in a concentration-dependent manner. D. Purified EPS reduces the reversal frequency of epsZ frzZ difE cells in a concentration-dependent manner. Cellular reversals were assayed on 0.5% CYE agar. Fig. 6 . Purified EPS complements the S-motility defect of epsZ cells in vitro while reduces S-motility of epsZ frzZ cells. As a control, epsZ pilA colonies do not show any reaction to EPS. EPS solution and buffer control were spotted adjacent to M. xanthus inoculums on opposite sides, as shown in the left panel. S-motility was tested on 0.5% CYE agar. frequently when supplemented with EPS at higher concentrations, displaying a response similar to that of the epsZ cells. This result provides clear evidence that the Frz pathway is not required for EPS signaling.
Besides the Frz pathway, the Dif chemosensory pathway also regulates S-motility by modulating EPS production (Yang et al., 2000) . To investigate if EPS regulates cellular reversal through the Dif pathway, we further blocked the Dif pathway in the epsZ frzZ strain and performed the EPS complementation assay on the epsZ frzZ difE triple mutant. As shown in Fig. 5D , strikingly, the reversal frequency of the triple mutant still showed negative correlation with EPS concentration, indicating that the Dif pathway is not required for EPS signaling either.
Besides the Dif pathway, FrzS, a pseudo-response regulator, has been identified as a regulator of EPS production (Ward et al., 2000; Berleman et al., 2011) . Both the frzS and difE mutants show defects in S-motility, probably due to their defects in EPS production (Yang et al., 2000; Berleman et al., 2011) . We measured EPS contents of frzS and difE cells using Trypan blue and found that both mutants still produce EPS at about 20-40% of the wild-type level (Fig. 1) . Consistently, direct quantification of the carbohydrate moieties in purified EPS confirmed that after a 48 h growth on agar surfaces, the EPS produced by each frzS and difE contain 1.44 6 0.20 310 214 and 1.19 6 0.16 3 10 214 g carbohydrates respectively. We noticed that S-motility was not rescued in the epsZ frzS double mutant (Fig. 2) , suggesting that the function of FrzS is different from the core Frz components. To investigate whether the frz lof mutations are general suppressors of the EPS-related S-motility defects, we constructed frzS frzZ and frzZ difE double mutants. As shown in Fig. 2 , both double mutants still showed severe defects in S-motility, which is evidenced by reduced colony expansion on 0.5% agar.
EPS facilitates group S-motility by inhibiting the reversal of individual cells
S-motility is the major driving force of M. xanthus colony expansion. In contrast to isolated cells that reverse frequently, individual cells within moving groups rarely reverse their direction (Shi et al., 1996) . According to computational simulation, lower reversal frequencies prevent cell groups from dispersing and facilitate the growth of group size (Balagam and Igoshin, 2015) . High cell densities in large cell groups correlate with high local EPS concentrations, evidenced by the formation of EPS microchannels (Berleman et al., 2016) . Here we hypothesize that EPS inhibits reversal of individual cells within cell groups.
To test this hypothesis, we measured the reversal frequency of individual cells within groups as a function of group size. A group is defined as a single layer of aligned cells with a density higher than 1 cell per 4 lm 2 .
Reversals of the cells that remained in the same group during the 20 min time-lapse were analyzed. As shown in Fig. 7 , consistent with a previous report (Shi et al., 1996) , wild-type cells reversed less frequently as the size of cell groups increased. We found that epsZ cells were still able to move in groups (Movie S6). Compared to wild-type cells, individual epsZ cells in cell groups reversed at elevated frequency (0.10 6 0.02 min 21 ).
Strikingly, the size of the cell groups no longer affected the reversal frequency (Fig. 7) . Individual epsZ frzZ cells reversed 0.03 6 0.01 min 21 in cell groups, less frequently than epsZ cells, which is consistent with the restored S-motility. Similar to the epsZ strain, the reversal frequency of epsZ frzZ cells did not vary with the size of cell groups. Taken together, our data provide evidence that the reduced reversal frequency in large groups of wild-type cells is at least partially due to higher local EPS concentrations.
EPS is essential for fruiting body formation
We investigated whether the restored S-motility in the epsZ frz lof double mutants is sufficient to restore fruiting body formation. As mentioned above, the epsZ frz lof double mutants did not produce EPS (Fig. 1) . When spotted on solid fruiting medium (CF medium), both the epsZ and epsZ frz lof strains failed to form mature fruiting bodies. Instead, these mutants formed large and flat aggregates that appeared translucent (Fig. 8) . Our data indicate that although dispensable for S-motility, EPS is essential for fruiting body formation.
The Frz system regulates EPS production
To determine if the Frz system also regulates EPS production, we used the Trypan blue assay to examine EPS production by frz mutants altered at different steps in the chemosensory pathway. Surprisingly, we found that the mutants produced very different levels of EPS: the frzCD deletion mutant produced EPS at wild-type levels; the frzA, frzE and frzZ loss-of-function mutants showed 50-60% wild-type levels of EPS; by contrast, the frzB strain showed a 20% increase in EPS content, while the gain of function frzCD C mutant increased EPS production by about 50% (Fig. 1) . Our data indicate that besides cellular polarity and reversal, the Frz system also influences EPS production. Taken together, cellular
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reversal is under the regulation of a complex signaling network, which consists of EPS, the Frz pathway, the Dif pathway and additional regulators with unknown functions, such as FrzS (Fig. 9 ).
Discussion
EPS regulates cellular reversal by a novel mechanism
In this report, we clarified that EPS is not required for the function of type IV pili. Using genetic and quantitative approaches, we found that EPS regulates cellular reversals in a concentration-dependent manner. The fact that EPS and methylcellulose regulate cellular reversal in similar manners suggests that their effects might be mechanical rather than chemical. However, mechanical sensors have not yet been characterized in M. xanthus and the mechanism by which EPS regulates cellular reversals remains unknown. Nevertheless, many lines of evidence suggest that M. xanthus cells are able to respond to mechanical signals. For example, when suspended in 1% methylcellulose solution, M. xanthus cells display S-motility with abnormally high instantaneous velocity and low directional persistence (Hu et al., 2016) . In our experiments, we allowed methylcellulose to dry and settle onto agar surfaces. Under this condition, normal S-motility was restored and methylcellulose partially replaced the regulatory functions of EPS. The discrepancy between motility behaviors in liquid and surface environments suggests that motility machineries are regulated differently when encountered with different surfaces. Similar evidence was also presented in previous reports that both the gliding machinery and the Frz pathway showed different responses to solution and surface environments (Nan et al., 2010 Zusman, 2013, Nan et al., 2013) . Our genetic studies revealed that EPS and the Frz pathway have additive, rather than epistatic, effects on cellular reversal frequency (Fig. 4) . In addition, when different amounts of EPS were added, the reversal frequencies of epsZ frzZ and epsZ frzZ difE cells still showed negative correlation with extracellular EPS concentrations (Fig. 5) . These observations support the hypothesis that EPS inhibits cellular reversal through a pathway that is parallel to the Frz and Dif systems (Fig. 9) . However, we cannot exclude the possibility that the Frz and Dif pathways also detect and respond to EPS signals. For instance, epsZ cells reversed almost three times more frequently than the wild-type ones, while an additional epsZ deletion only increased the reversal frequency of the frzCD C cells by 20% (Fig. 4) . Moreover, since the Frz and Dif pathways influence the production of EPS, the regulatory function of EPS does interweave with these pathways. For instance, besides regulating cellular reversal directly through a chemotaxis-like mechanism, the Frz pathway might also influence cellular reversal indirectly by controlling EPS production (Figs 1 and 9 ). Another finding of this work is that EPS inhibits the reversal of both A and S-motility (Fig. 4) . In contrast to S-motility that is predominant in swarms, A-motility plays a major role in the movement of isolated cells on relatively hard surfaces (i.e., 1.5% agar). So far, we have not been able to quantify the EPS secreted by isolated cells. Nevertheless, since EPS has been purified successfully from liquid culture where cells are isolated (Berleman et al., 2011) , we speculate that cells moving by A-motility also secrete EPS on surfaces. EPS maintains the reversal frequency of A-motility engines at relatively low levels, thus isolated cells are able to move for long distances before reversing. We hypothesize that M. xanthus. EPS inhibits cellular reversal through a pathway that is parallel to the Frz system. Besides direct regulation, the Frz chemotaxis system could also regulate cellular reversal indirectly by modulating EPS production. The core components of the Frz pathway, including the metyl-accepting chemotaxis protein (MCP), FrzCD, the CheW homolog, FrzA, the CheA-CheY hybrid protein, FrzE and the CheY-CheY protein, FrzZ, regulate EPS production positively. Another CheW homolog, FrzB, regulates EPS production negatively. The Dif pathway and FrzS, a pseudo-response regulator of unknown function, are also required for robust EPS production. Fig. 8 EPS could also be essential for M. xanthus cells to explore their natural habitats by A-motility.
The mechanism by which EPS coordinates both engines remains unknown. Since the small GTPase, MglA and its cognate GTPase activating protein, MglB control the reversal of both engines (Leonardy et al., 2010; Zhang et al., 2010) , EPS might regulate both motility through the MglA/B module. Surprisingly, we found that wild-type cells reversed more frequently than the cells moved by only A-or S-motility (Fig. 4) . One possible explanation of this result is that through common reversal regulators such as MglA, the reversal of one motility system could trigger the reversal of the other motility system and subsequently, cellular reversal. Since the A-motility engine interacts with MglA and influences the localization of MglA (Nan et al., 2015; Treuner-Lange et al., 2015) , it is possible that the reversal of A-engine could trigger the reversal of S-engine. However, it is unknown if the Sengine influences A-engine in a similar manner.
EPS is a self-generated environmental cue that promotes S-motility Wild-type M. xanthus cells are usually found as large swarms, suggesting that they coordinate their movements. Cellular reversal, a common behavior linked to motility, prevents collective motion by disturbing cell alignment (Balagam and Igoshin, 2015) . A characteristic feature of S-motility is that individual cells within swarms almost never reverse their moving direction (Shi et al., 1996) . Then how does M. xanthus prevent individual cells from reversing in cell swarms?
As revealed by fluorescence and electron microscopy, a consequence of physical contacts in cell groups is the increased local concentration of EPS (Lux et al., 2004; Berleman et al., 2011; Zhao et al., 2013; Berleman et al., 2016) . Here we propose a function of EPS in coordinating group motility. In this and a previous report (Shi et al., 1996) , the reversal frequency of wild-type cells decreased as the size of cell swarms increased (Fig. 7) . By contrast, we found that although still able to form groups, the reversal frequency of individual epsZ cells remained constant, regardless of swarm size (Fig.  7) . Our data provide strong evidence that high EPS concentrations facilitate group S-motility by inhibiting reversal of individual cells. We noticed that within large swarms, epsZ frzZ cells still reversed more frequently than the wild-type cells, despite recovered S-motility. These data suggest that a reversal frequency as low as 0.05/min is sufficient to support fast spreading by Smotility but insufficient to support cell alignment and branch formation (Fig. 2) .
Many bacteria that move by swimming motility convey their presence to one another through the releasing and responding to autoinducers. Such communication mechanisms, called quorum sensing, allow bacteria to monitor cell population density (Ng and Bassler, 2009 ). However, although myxobacteria feature sophisticated cell-cell communications, diffusible autoinducers have not yet been identified in M. xanthus. Here we propose that EPS might provide a mechanism that allows cells to respond to population density, a function comparable to autoinducers in quorum sensing. As discussed above, since EPS inhibits cellular reversals in a concentrationdependent manner, when cell groups of various sizes collide, increased local EPS concentration will prevent individual cells from leaving the swarm by inhibiting cellular reversals, which in turn further increases local EPS concentrations. Thus, cell groups grow in size due to collisions with new cells. This positive feedback will prevent cell groups from dispersing, which facilitates group motion and stabilize nascent biofilms. EPS provides a mechanism by which cells initiate group movement and biofilm formation. However, our model cannot explain the maturation of biofilms, such as the process of fruiting body formation of M. xanthus. Although cells reverse less frequently when moving in swarms, as swarm size increases after prolonged incubation, the reversal frequency of individual cells could increase (Thutupalli et al., 2015) . Though the behaviors of individual cells during fruiting body formation are still controversial, cells were observed reversing at a broad range of frequencies (Jelsbak and Sogaard-Andersen, 2002; Sliusarenko et al., 2007) . We speculate that besides EPS, many mechanical and chemical signals are also concentrated during fruiting body formation. Thus, complicated environments inside and around fruiting bodies might be responsible for sophisticated behavior of cells in three dimensions.
Experimental procedures
Strain construction M. xanthus strains used in this study are listed in Table 1 . Genetic manipulations were performed according to our previous reports (Nan et al., 2010) . To delete epsZ, the DNA sequences flanking the epsZ gene were amplified using primers epsZ1, 5 0 -AAGCTTGAGATCATCCAGAAAGC CGCC-3 0 ; epsZ2, 5 0 -GGATCCTCTTCAATGACTTGTCCCT GA-3 0 ; epsZ3, 5 0 -GGTACCTTCGAGGAGTGGATGTACCTG-3 0 ; and epsZ4, 5 0 -GAATTCGGGCGGCTCGTCGAAGTGG GC-3 0 , and cloned into the pBJ113 vector. The exoC gene was disrupted by plasmid insertion. DNA fragments were amplified using primers exoC1, 5 0 -AAGCTTCGTGGTGGG CGCAGCCATC-3 0 ; and exoC2, 5 0 -GGATCCTCCGACTTCG TCTGGAGCTGATG-3 0 and cloned into the pBJ113 vector.
Phenotype analysis
Development and reversal frequency assays were performed on CF plates containing 1.5% agar and CYE plates containing 0.5 or 1.5% agar as described (Bustamante et al., 2004) . To determine cell reversal frequency, 20 min time-lapse videos were recorded with a ZEISS AXIO TM microscope and a ZEISS AxioCam TM MRm camera at 20 s intervals. For each strain and condition, 40 cells were analyzed. To quantify the reversal frequency of individual cells, cells were diluted to the point where cells did not interact with one another. Quantitative analysis of S-motility and EPS complementation assay were performed as described in Berleman et al. (2011) . Colony morphology was recorded using a ZEISS SteREO TM microscope and a ZEISS AxioCam TM HSm camera. Trypan blue binding assays was performed as described in Black and Yang (2004) .
Immunoblot analysis
M. xanthus cells were grown in liquid CYE at 328C to 100 Kletts. For each strain, 1 ml of culture was harvested by centrifugation and resuspended into 0.5 ml of PBS buffer. Cells were lysed by brief sonication. 2 3 SDS loading buffer was added to the cell lysates at 1:1 ratio. Whole cell lysates (5 ll each) were run on 10% SDS PAGE at 20 mA/ gel for 30 min (10 min for the detection of O-antigen), and transferred to Amersham TM Hybond TM 0.2 lm PVDF membrane (GE). Blots were probed with anti-PilA (Wu and Kaiser, 1997), anti-O-antigen (Gill et al., 1985) and anti-FibA (MAb2105) antibodies (Gill et al., 1985) , and with ImmunoPure TM Goat antirabbit secondary antibody (Thermo Scientific). The blots were treated with PierceV R ECL Western blotting substrate (Thermo Scientific) and developed with the Amersham Hyperfilm TM ECL films (GE).
EPS purification
Cells were grown at 328C to 100 Kletts and diluted by 10-fold using fresh CYE liquid medium. Then 50 ml of diluted culture was poured onto each CYE plate (150 mm diameter) that contains 1.5% agar and allowed to settle down by incubating at 328C for 24 h. Then the liquid medium was discarded and the plates were incubated at 328C for 48 h. Cells were scraped carefully from agar surface, weighed and stored at 2808C. To determine the relationship between cell number and wet weight, a small cell pellet was weighed before being suspended with liquid CYE. Then cell number was calculated using the optical density at 600 nm. EPS was purified according to Berleman et al. (2011) . Briefly, cell pellets were suspended in TNE buffer (100 mM Tris pH 7.5, 100 mM NaCl, 5 mM EDTA), and the cells were lysed by sonication on ice. The above cell extracts were agitated for 15 min with SDS added to a final concentration of 0.1%. The lysates were centrifuged for 10 min at 8000 rpm and the pellets washed twice using TNE (with 1% SDS). SDS was then removed by washing three times with TNE. The final pellets containing EPS were suspended in 1 ml of 10 mM MOPS (pH 7.6) buffer and stored at 2808C. EPS concentration was determined from three batches of EPS that are purified independently, using phenol-sulfuric acid assay (Fournier, 2001 ).
Pili visualization
To visualize pili retraction, M. xanthus pili were stained with Cyanine 488NS succinimidyl ester (Biotium) as described in Skerker and Berg (2001) . Briefly, M. xanthus cells, grown in CYE to 100 Kletts, were concentrated 10 times and washed three times in labeling buffer (50 mM K 2 HPO 4 /KH 2 PO 4 pH 8.0, 5 mM MgCl 2 , 25 lM EDTA). One milligram of Cyanine 488NS succinimidyl ester was dissolved in 1 ml of labeling buffer and added to the cells at 1:1 ratio. Then cells were incubated for 1 h at room temperature, washed three times in labeling buffer and spotted on a thin fresh 1/2 CTT agar pad. Fluorescence was activated by a Coherent TM 488 nm laser and microscopy images were captured using a Hamamatsu ImagEM X2 TM EM-CCD camera C9100-23B (pixel size 42 nm) on an inverted Nikon Eclipse-Ti microscope with a 1003 1.49 NA TIRF objective.
To visualize pili using electron microscopy, fresh M. xanthus liquid cultures were negatively stained according by floating carbon-coated mica onto sample droplets followed by staining with aqueous uranyl acetate (2% w/v) (Valentine et al., 1968) . Specimens were observed in a JEOL 1200 EX transmission electron microscope operated at an acceleration voltage of 100 kV. Electron micrographs were recorded at a calibrated magnification of 500003 using a 3k slow-scan CCD camera (model 15C, SIA).
